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Abstract 
X digitally  programmable  current-mode analog fuzzy membership 

function circuit (MFC) has been designed, simulated and  fabricated 
in a O.5pm CMOS technology. The MFC implements a generalized 
trapezoidal  membership  function  with both normal and  complement 
outputs. The right and left  leg positions are each  specified  by 8-bit 
numbers while the right and left  slopes are digitally programmable 
to thirty-one evenly spaced values by using a novel 5-bit dividing 
digital to  analog converter (DivDXC). V-I and I-V front and back 
ends allow  for internal current-mode analog operations which are low- 
power. high-speed, and  area efficient. The MFC's versatility is in- 

Inaxirnum-membership voltage  levels as well as  input and output DC 
offsets. The entire  circuit including memory measures 49pm x 1 2 % p ~ r ~  
a ~ t l  is capable of fuzzification i n  less than 6 0 0 ~ ~ s  while consuming 
3.3ubV. 

c' 't.dsed I' by using bias currents  and voltages to allow the specification of 
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The Ballist,ic LTCIissile Deferw Organization ( B h I I I O ~  is conducting t ,hr t  Dis- 

( ~ r i ~ l i n ~ ~ r ~ ~ ~  ~ ? ~ ~ e r ~ ~ ~ p t [ ) r  Tec nology Program (DITP) for ;he ~ ~ e ~ e l ~ ~ ~ r ~ ~ ~ ? ~ t  o f  

a:!~w~anecd fast frame seeker capabilities. This e fbr t  indudes research into new- 

sensor da,ta fusion  processing  tee  nologies that  address high spee 

board ~ u ~ o ~ ~ ~ ~ ~ ~  with  serious  space:  weight, and power constraintsill. Flazzy 

iugic is o ~ e  of several modes of processing  being investigateai,%]. The stringent 

requirements  dictate  the use of dedicated  fuzzy  hardware in order  to  achieve 

the  necessary low-power: fast  processing,  and  compact  implementation. 

Digital  approaches to fuzzificat,ion[3, 4, 51 offer a high degree of noise im- 

munit! along  with  specifiable levels of precision and flexible programmability. 

High  precision  however is not  necessarily  required for fuzzy  processing  since 

fuzzy classes are  usually  defined by humans  with less than  8-bits of resolu- 

tion.  The  relatively  large  layout  area of digital  circuits  makes  it  more difficult 

to  take  advantage of the  increased  throughput  achievable  from  the  inherently 

parallel  nature of fuzz? computations.  This  combined wi th  the  higher  dy- 

namic  power  consumption of digital  circuits  makes a digital  approach less 



~ ~ ( ~ ~ i ~ ~ ~ t ~ ~ ~ ~ ~ s  i n  spwd,  ~ ~ t r l ~ ~ c ~ n e s s ,  anti l o x  powxr, but tC?nd to be difficult o r  

inflexible t o  ~ { ~ r l f ~ ~ ~ l r ~ ~ .  Many of t h e  circiiits i n  t h e  fit($r;xt,ilrf>[6> 7 ,  8, 9. 111 

reciuire hias ;-oltages a n d  transistor ~~~~~~r~~~~ changcs t o  achieve different 

r I ~ ~ ~ ~ ~ ~ e r s ~ i ~  ~ ~ ~ n ~ ~ , i ~ ~ ~  positiorls and shapes. In systems  re^^^^^^^^ n~an;v mem- 

bership ~ ~ ~ ~ ~ ~ i ~ ? ~ ~  this ~~~~~~~~~~i~~ tec niqrre is ~ ~ ~ r a ~ t ~ ~ ~ ~  due  to pin and 

Wuertas et al.i12] present a ~ ~ ~ e d - r r ~ o ~ ~  a ~ ~ ~ r o a ~ ~  tha t  oRers the 

bility of digital ~ r o ~ r a ~ m ~ n g  with  the  speed,  compactness)  and low power 

of current-mode  analog CMOS. Their  hj-brid XFC, however, is limited  to 

a strictly  symmetrical  trapezoid  and offers only  four  different  multiplicative 

slope values. The hybrid  current-mode  approach offers a high  degree of func- 

tional efficiency since  the  basic  required  operations of subtraction  and addi- 

tion  can be performed  easily a t  node  junctions.  The MFC presented in this 

paper  builds  upon  the  hybrid  approach by adding  programmable  versatility 

at  the  expense of increased  circuit  area. 



AB -/- Lmc,  High)  

(CD + .4R) 
( R  + C )  

< x < D + y = min(-Cx + CD + Low, High)  

where A is the  location of the left leg, B is the unsigned  slope of the left leg, 

C is the  unsigned  slope of the  right leg, and D is the  location  of  the  right 

leg. The chip design  presented in Section 4 currently uses Low = 3V and 

Nigh = 5V with V d d  = 5V. 

Figure 2 details  the  processing  path of a single  membership  function  cir- 

cuit (LfFC). iVhile  inputs  and  outputs  are in voltage rnode for external com- 

patibility,  the  internal XIFC implementation is in  current-mode for easy and 

cornpact  signal  manipulation. T h e  input  voltage entclrs a voltag‘ t o  current 



(L* / I j  convc3rter i n  t h e  first processing block. Currents p r ~ ~ p ~ r t i ~ ) r l ~ ~ l  t o  the 

di ;z i t ,a i  values o f  t he  leg positions: .A a n d  I are gi:nc:rateyj I>\; digital t o  an;xlog 

v o n ~ ; e m r s  jD.-lCs). The  current ~ ~ ) r r ~ ~ ~ o n ~ ~ ~ ~ ~ ~  t~ thc  left leg gets ~ ~ ~ ~ t r ~ ~ c ~ e ~  

from a copy of the  input  current  nhik a different copy of t, e jnpilt cilrrent 

gets  subtracted from the right leg current.  The  resulting  current^, ~ ~ i c h  

es of the trapezoi 

igital  to analog converters jDivD.-lCs)j813] where the  signals  are 

ivided by %bit digital  values  to  scale  the  slopes.  The  minimum of the  two 

resulting  values is then  selected, which determines  the  appropriate  side of the 

t'rapezoid at   the  given input level. The  top of the  trapezoid is achieved by 

limiting  the  previously  resulting  current,  to  an  externally  supplied  full-scale 

current.  The final output  current is then  converted  to  the  voltage  output  and 

complement  output of the hIFC through  current  to voltage (T/V) converters. 

Typical  hybrid  multipliers,  often  referred to  as multiplying  digital to ana- 

log converters (MDACs), are often useful in  mixed-mode  systems  since  they 

provide a programmable  multiplication of an  analog  signal by a digital  num- 

ber. This technique has previously  been used to  scale the slope of member- 

ship  functions[l2].  The novel  DivD-AC circuit[l3j developed at JPL, however, 

allows for digital  programming of the denorninator its opposc~i to the nunlt~r- 



The volt,age to current  converter in  the  input  stage is based on the COhfFET 

circuit in [14]. This  differential  circuit  provides V/I gain  control a s  well as 

good  linearity in a wide DC operating  range. 

The differential  current  outputs of the V/I, 1 1  and 1 2 ,  are  routed  to  the 

current  subtracters shown in Figure 4. I L  generated by the left 8-bit DI\C 

is sunk  from a common  node  with II being  sourced in and I2 being sunk  

out  such  that KCL, dictates  that  the  resultant  current is I,, - I L ,  where 

I,, = I I  - 1 2 .  Similarly for the  right  side, 1~ from the right D.AC is sunk out 

of a common  node  with I,, being  sourced,  producing by KCL the  current 

In  - I,,. The  currents f , ,  - Il, and I n  - I,, resulting from the  subtract,ers 



.An ;LIDA4C switches  the  output, devices, so that a digital  number  can  specify 

the  numerator in Eq. 1, thereby  varying  the MD=-\C's gain. In the DivD-AC, 

however, the  switches  are  placed on the  diode  side of the  current  mirror, 

allowing  digital  control of the denominator. Because of the  potential for 

t.he series  resistance of a switch to adversely affect the IV characteristics of 

a diode  connected  transistor,  the  switches were  placed  on the  gate of each 

device,  rather  than in series  with  each device. 

The left and  right  output  currents of the DivD,ACs, JLDiv  and IRDiv  re- 

spectively,  next  enter  the  Selector  Circuit  shown in Figure 6. Current  copies, 

one for comparison  and  one for output,  are  rnade for both  sides in cascode 



rather than a triangle of variable height, a limiter circuit is ernpiob-ed as 

shown i n  Figure 7. i it  also includes some gain in or er to scale the 

current up for the output  stage. he l ~ ~ ~ i t i n g  is achieved by tying the  source 

node of a cascode  mirror  to an  NhLIOS limiting  transistor  whose  gate is set 

- 

to carry a fixed current.  The  voltage at this  source  node  then rises to  limit 

the  current  passed  through  another  gain  stage  to  the  output  stage.  Note 

that since JLirnit  includes  the  cascode  diodes,  the  maximurn  output  current 

as designed in Figure 7 is set  at: 

2 16 
- f L i m i t  - 8 = - . ILirnit 
3 3 

Finally, the  output  stage  shown in Figure 8 takes  the  current I,, gener- 

ated by the  limiter  stage  and  adds  an offset current, loffset so that  the  output 

DC bottom level can  be  set  to a desired  voltage value ( in  our  case 1V). A 

cascode mirror  then  sinks  this  current  across a 60kO silicide blocked polysil- 

icon resistor to generate  the  complernent  output  voltage which is 

buffereti through a  voltage follower. Tho same currcnt, Iollt f lof,,spt. is also 
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P 0.5p.m ChIOS process  t 

embership f u n ~ t ~ o n  was in~ependen t l~   p rog rammabl~  

but shared bias  currents For the D.ACs, the  input  and  output  ranges,  and  the 

limiting level. Results of programming  an XIFC are shown in Figure 9 along 

with  the  complement  outputs.  The  input  range  as  tested was from 3V to 5V 

and  the  output  range was set  from 11. to 4V. The XLTFC’s propagation  delay 

and rise/fall time was measured  to  be  under 600ns while consuming  around 

5.3pW’. 

The MFC is intended  to  be placed  in  fully  parallel fuzzy processing sys- 

tems. As such,  the  layout was done  to  make  the MFC long and flat in order 

for it to  stack  easily  and  compactly while sharing  data  and  bias  lines.  Our 

particular  test  chip  consisted of a stack of ten 1TFCs all capable of operating 

i n  paral1r:I. Attention was given i n  the design to tnatc.hing and  consistency 



h?; using ~ i ~ e r ~ r l ~ ~ ~ i  input  currents and large  geometry  biasing  devices. Ic 

shottiti be n o t e d l  howctver. that we did not observe (txactI?; similar behavior 

frorrl t h e  various LIFC's on the c ip due to process variation. which pro- 

duces  geometric ~ i s ~ a t c  es as well as doping  gradients  that i n ~ ~ ~ ~ n c ~  the 

voltage  as a ~ u n c t ~ o ~  oE I o c a ~ ~ ~ ~  on the die. On t e positive side, 

since our circuits were i ~ ~ ~ a ~ ~ ~  ~ r ~ ~ ~ a ~ ~ n a ~ ~ e ~  we were able  to corn 

somewhat for these  variations through p r ~ g r a ~ l m i n ~  and rnanipul~tion of the 

biases. Future  designs  should  pay  careful  attention to minimizing  the effects 

of process  variation on circuit  consistency. 

We  have demonstrated a fully programmable  hybrid  membership  function 

circuit  capable of implementing a generic  trapezoid  transfer  function  across 

a adjustable  input  and  output  voltage  range.  The  circuit uses a novel 5- 

bit  hybrid  DivDAC to specify  membership  function  slope  through  digital 

programming of  the  denominator as opposed to  the  numerator,  giving  better 

coverage o f  the desired  slope  range than 1LID.4C approaches.  The hIFC was 

fabricated and tested,  and  results  demonstrate t h e  versatility of our  hybrid 
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Figure 1: Generalized  trapezoidal  membership  function  showing UFC pro- 
gramming  parameters. 



Figure 2: Block diagram of the  membership  function  circuit (1IFC). 
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Figure 3: Programmable  membership  function  slopes for n from 1 to 13: a) 
Using  division  where n is the  denominator k) Vsing  multiplication  where n 
is the  numerator. 
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Figure 3: 1fFC circuitry from the V-I input  stage  to  the  slope-determining 
DivD.ACs. I,,, is the difference of the i,7-T converter's  output  currents ( I ,  and 
I?) .  I L  and I R  are  the  output of %bit current-mode D-iCs. 
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Figure 5: Simplified  schematic of the 5”it  hybrid DivD.AC circuit  configured 
for division by 31. 



Figure 6: Selector  Circuit.  The  output of each DivD.-\C  is compared,  and 
the  smaller of the two is passed  on to the  clipping  circuit. 
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Figure 7 :  Limiter/Cain  Stage: I,, is clipped at a rnax of - I L t m z t .  



Figure 8: Output Stage:  the final output  voltage  and  its compliment are 
buffered before  being  sent off-chip. 




